This work presents a comparative study on the rate of drug release from implantable matrices induced by electric and magnetic fields separately for better biomedical applications. The matrices were prepared by coating -ferric oxide dispersed regenerated cellulose film by polypyrrole doped with sulfosalicylic acid as an anti-inflammatory drug. The drug release mechanisms were studied under both the electric and the magnetic fields separately in an acetate buffer solution with pH 5.5 and temperature 37 ∘ C during a period of 5 hours. The amount of drug released was analysed by UV-Vis spectrophotometry. The mechanism of drug release from the matrices under electric field includes expansion of conductive polymer chain and the electrostatic force between electron and drug. The drug release mechanism from the matrices under magnetic field is based on the fact that the heat produced locally by magnetic particles loosens the polymer (polypyrrole) chain surrounding the particles. As a result, the drugs attached to the polypyrrole chain come out to the release medium. The matrices showed fast release of drug, that is, more than 60% of the loaded drug was released within 1 h, and are ideal for the treatment of illness in an emergency care.
Introduction
The existing drug delivery devices based on microelectromechanical systems (MEMS) technology are experiencing some challenges because of their low delivery rates and high power consumption. Several implantable drug delivery devices have been investigated for the treatment of chronic diseases. The drug release mechanism from the devices is based on diffusion and a complete release is achieved within 10-15 hours. Current implantable drug delivery devices are not capable of delivering drugs for immediate treatment of illnesses in an emergency care. The challenge lies in the development of implantable devices for emergency treatments that require rapid and reliable rate of drug delivery [1] .
In 2005, Maloney et al. developed a reservoir-typed drug delivery system that relies on electrothermal actuation. The reservoir under electrical field allows the drugs to be diffused freely from the reservoirs to the region of interest [2] .
The supply of actuating energy requires either implantation of a battery or electrical leads that cause discomfort to the patient's skin. These problems can be overcome if the drug delivery matrices are actuated magnetically.
In recent years, researchers are trying to develop materials that are both magnetic and electrically conductive and can be used as suitable substrates for drug delivery when stimulated by electric and/or magnetic fields [3] . Electrically conductive macromolecules such as polypyrrole containing metal oxide nanoparticles have been prepared and investigated [4] . However, these nanocomposites possess low electrical conductivity, low magnetization values, and lack of well-defined shape. For drug delivery, and so forth, the nanoparticles must have the combined properties of high magnetic saturation, biocompatibility, and interactive functions at the surface [5] .
In this study, we present a rapid drug delivery system consisting of regenerated cellulose/ -ferric oxide/polypyrrole matrices as transdermal implants for patients include angina 2 Journal of Applied Chemistry and muscle pain. Cellulose is known as the earth's major biopolymer and has economic importance globally. In this study, regenerated cellulose is used for developing drug delivery matrices as it is biocompatible and more environmentally friendly than synthetic electroactive polymers [6] . In addition, polypyrrole is used to coat the -ferric oxide nanoparticles dispersed regenerated cellulose matrices asferric oxide nanoparticles can undergo rapid biodegradation when they are directly integrated in a biological system [7] . Moreover, regenerated cellulose has a strong affinity to polypyrrole which makes it with improved electrical conductivity [8] . The main advantages of using -ferric oxide are that the material is super paramagnetic with low toxicity and can be manufactured in large scale [9, 10] . The drug delivery matrices containing -ferric oxide nanoparticles can be activated magnetically because of the super paramagnetic nature of -ferric oxide nanoparticles. These magnetically induced drug delivery devices gain patients compliance as that does not damage healthy tissue. The principle of controlled drug release from regenerated cellulose/magnetic particles composite under magnetic field is based on the fact that heat produced locally by magnetic particles under alternating current (AC) magnetic field loosens the polymer chain surrounding the particles at temperatures above the glass transition temperature (Tg) of that particular composite, resulting in drugs being released [11] . Magnets in association with carriers containing super paramagnetic iron oxide nanoparticles (SPION) help in delivering drug to inflammatory sites at a desired rate and allow switching on and off the magnetic field, thus targeting the particles at the local site [12] . Gamma ferric oxide nanoparticles having diameter <50 nm are termed as SPION. They have magnetic properties because of the presence of aligned unpaired electron spins. Their moments align with the direction of the magnetic field while being placed under magnetic field. As a result, it enhances magnetic flux and the rate of drug release [9] .
Chemical compounds used in this paper are as follows: Fe(NO 3 ) 3 ⋅9H 2 O (ferric nitrate nonahydrate) (Pub-Chem CID-24527), polyethylene glycol (PEG1000) (Pub-Chem CID-174), and potassium chloride (KCl) (PubChem CID-4873); lithium chloride, cotton linter (DPW 4580), pyrrole (PPy) (PubChem CID-8027), 5-sulfo-salicylic acid dihydrate (PubChem CID-2723734), ferric chloride hexahydrate (PubChem CID-24810), dimethylacetamide (DMAC) (PubChem CID-31374), 2-propanol (PubChem CID-3776), acetone (PubChem CID 180), and methanol (PubChem 887).
Matrices Synthesis

Synthesis of Gamma Ferric Oxide Nanoparticles.
Gamma ferric oxide ( -Fe 2 O 3 ) nanoparticles were prepared as follows [13] . First, 0.006 mol Fe(NO 3 ) 3 ⋅9H 2 O was dissolved in 100 mL aqueous solution of PEG1000 with a NO 3 − /PEG1000 molar ratio of 1. Then, 0.45 g KCl was added to the above solution. The resulting transparent solution was stirred by a magnetic stirrer and heated at 70 ∘ C until a homogeneous sol-like solution was formed. The sol-like solution was then dried at 110 ∘ C for 2 h. After that, the obtained gel was kept in a silica crucible and heated in air until the gel was ignited. The resulting as-burned powder was boiled in deionized water to remove the salt. Finally, the products were obtained after filtering and washing with deionized water and ethanol, followed by drying at 80 ∘ C for 2 h.
Preparation of Gamma Ferric
Oxide Nanoparticles Dispersed RC Films. 0.60 g -Fe 2 O 3 nanoparticles was added in 10 mL regenerated cellulose solution [14] and then sonicated for 4 h. From the prepared mixture, 3 mL was poured on a glass petri dish to cast each film. The films thus obtained were allowed to stand in air overnight to remove the solvent. Afterwards, the films were cured in a mixture of isopropanol and deionized water (60 : 40). Finally, the films were dried in air.
Loading of Drugs into the Matrices.
Drugs were loaded into the matrices by chemical linkages during coating the matrices with polypyrrole. The method of synthesis is described as follows. RC/ -Fe 2 O 3 matrices were coated with polypyrrole by the chemical synthesis using FeCl 3 /5sulfosalicylic acid at 2 : 1 ratio as oxidant/dopant in aqueous solution. 5-Sulfosalicylic acid dihydrate acts as a model anion drug as well as a dopant. 0.03 mol of freshly distilled pyrrole monomer and 0.015 mol of the model drug were dissolved in 50 mL of distilled water. The mixture was stirred vigorously for 15 min at 0 ∘ C in an ice bath. 0.03 mol of FeCl 3 in 50 mL distilled water was slowly added to the mixture solution at a rate of 5 mL/min and the temperature was maintained at 0 ∘ C. After that, RC/ -Fe 2 O 3 matrices were immersed in 50 mL of the mixture solution in a glass petri dish and left for 24 h at 0 ∘ C. Polypyrrole was formed slowly and deposited on the surface of the matrices. Finally, polypyrrole coated matrices were washed with water, methanol, and acetone and dried in a vacuum environment for 24 h [15] .
Drug Release Experiments
2.4.1. Preparation of Acetate Buffer Solution. 150 g sodium acetate was dissolved in 1 L of distilled water. Glacial acetic acid (approximately 15 mL) was then added slowly with stirring until a pH of 5.5 was reached.
Actual Drug Content.
The actual amounts of drug in the RC/ -Fe 2 O 3 /PPySSA (sulfosalicylic acid doped PPy) matrices with the dimension of 2.4 cm × 0.6 cm × 67-70 m were determined by dissolving the drug in the samples in 2 mL dimethyl sulfoxide (DMSO) and after that 0.5 mL of the solution was added to 3 mL of the acetate buffer solution. The amount of drug in the buffer solution was measured with the UV/Visible spectrophotometer at 298 nm.
Diffusion Studies under Electric
Field. Diffusion studies in vitro were carried out using a set-up shown in Figure 1 . A drug-loaded matrix attached to negative electrode was placed in 5 mL acetate buffer solution of pH 5.5 at 37 ∘ C. Electric potentials (0 and 1 V) were applied across the cathode and another carbon anode. The drug was diffused through the matrix into the buffer solution. The total diffusion period was 5 h. A sample of 1 mL of the buffer solution was withdrawn and an equal amount of fresh buffer solution was added to the cell. The UV-Visible spectrophotometer was used to measure the drug concentrations in the samples at the wavelength of 298 nm.
Spectrophotometric Analysis of Model Drug.
The maximum absorption spectra of the model drug were recorded using a Shimadzu UV-2101PC scanning spectrophotometer. The absorption at a max of 298 nm was used to determine the amount of drug released from the predetermined calibration curve.
Diffusion Studies under Alternating Current Magnetic
Field. To study drug release behaviour under an alternating current magnetic field (ACMF) an electromagnetic field was produced using a magnet with a diameter of 35 mm at approximately 0.1 A and 1.15 KHz.
Results and Discussion
3.1. Matrices Characterization. Physical, electrical, chemical, and morphological properties of the matrices were analysed in terms of degree of swelling, conductivity, infrared absorption spectra, and scanning electron microscope (SEM) images.
The degree of swelling was measured by immersing the matrices in acetate buffer solution of pH 5.5 at 37 ∘ C for 72 h [16] . The matrices were then removed, pressed between a tissue paper, and weighed. Finally, the matrices were dried at room temperature and weighed again. The degree of swelling was determined by the water content of the matrices. Percentage degree of swelling was calculated by the following equation: where is weight of the RC/ -Fe 2 O 3 /PPySSA sample after submersion in the acetate buffer solution and is weight of the sample after removing the solvent. RC/ -Fe 2 O 3 /PPySSA matrices showed degree of swelling of 50%. The result indicates the porous structure of the matrices. Drug release from the matrices involves the following processes: (i) entry of water into the matrices, (ii) swelling of the matrices, and (iii) dissolution and diffusion of the drug towards the outside of the matrices. Therefore, the porosity and the degree of swelling can play an important role to release the drug from the matrices. The particles of the water soluble drug dissolve rapidly and generate numerous pores through which the other drug molecules reach the release medium, increasing the release rate of the drug [17] .
Magnetic nanoparticles themselves may not be very useful in practical applications because they tend to form large aggregates and can undergo rapid biodegradation when they are directly integrated in a biological system [7] . This study presents suitable methods of how to (i) make the particles fully dispersed in a polymer matrix and (ii) coat the particles with polypyrrole for practical applications. The distribution of gamma ferric oxide ( -Fe 2 O 3 ) nanoparticles in the RC/ -Fe 2 O 3 matrix was examined by the image of SEM. SEM image ( Figure 2) shows that gamma ferric oxide nanoparticles can be dispersed into the cellulose matrix. However, some agglomerated particles are observed. This is because of the moisture content in some part of the sample [18] . In addition, there is hydrophobic interaction between the -Fe 2 O 3 nanoparticles; as a result, these particles agglomerate and form large clusters. These clusters, then, exhibit strong magnetic dipole-dipole attractions between them and show ferromagnetic behaviour [19] .
Electrical conductivity ( ) of the RC/ -Fe 2 O 3 /PPySSA matrices was calculated by the following equation:
where is length, is width, is thickness, and Δ /Δ is the slope of the current versus voltage curve. The electrical conductivity of the RC/ -Fe 2 O 3 /PPySSA film is 1.7 × (10 0 S/cm), and it is eight orders of magnitude higher compared to the conductivity of RC (10 −8 S/cm). Figure 3 shows the typical current-voltage sweep curve. The conductivity of the matrix follows Ohm's law. Infrared absorption studies were performed aiming to ascertain the metal-oxygen bond and the vibrational peaks of -Fe 2 O 3 . In Figure 4 , RC/ -Fe 2 O 3 film shows absorption peak at 3301 cm −1 . This is due to the -OH group of RC. The peak at 647 cm −1 of -Fe 2 O 3 corresponds to the metaloxygen vibrational modes of the spinel compound [18] . In addition, -Fe 2 O 3 shows absorption band in the region of 3600-3100 cm −1 relating to antisymmetric and symmetric -OH stretching and may be assigned for water of adsorption. Hydrates are also absorbed in the region of 1670-1600 cm −1 relating to -OH bending [20] .
In Figure 5 , the peak at 2834 cm −1 is associated with fivemembered C-H ring stretching. These observations confirm that the PPy layer is successfully introduced onto the surface of the RC/ -Fe 2 O 3 matrices. The peak at 998 cm −1 is for sulfonate groups (SO 3 − ) stretching and the -OH stretching peak has a slight shift between 3000 and 3600 cm −1 . These results suggest the H-bonding between the sulfonate groups of sulfosalicylic acid and with the amine group of pyrrole unit of PPy [21] . 
Kinetics of Drug Release Profile.
Initially, the amount of drug present in the matrices was measured. The amount of drug present in the matrices is about 85.4 ± 0.78%. In vitro release data were fitted to various kinetic models such as zero order, first order, Higuchi release, and Korsmeyer-Peppas to evaluate the mechanism of drug release without and under electric field separately [22] [23] [24] [25] . The rate constants ( ) were calculated from the slope of the respective plots and high correlation ( 2 ) was observed for the Higuchi model ( Table 1) . The values of the slope of the Korsmeyer-Peppas model determine the type of drug release mechanism.
The diffusion coefficients of sulfosalicylic acid from the matrices at 0 and 1 volts were calculated from the slope of plots of drug accumulation versus square-root-of-time according to the Higuchi equation [26]:
where is the amount of material flowing through a unit cross-section of barrier in unit time, , 0 is the initial drug concentration in the matrices, and is the apparent diffusion coefficient of the drug. Journal of Applied Chemistry and 7.30 × 10 −7 cm 2 /s under an applied electric field strength of 1 V [15] . Figure 6 shows a comparison of square-root-of-time dependent release kinetics observed by sample-1 and sample-2. Sample-1 under electric field shows initial fast release of drug delivery due to some loosely held drug and later linearly increases with square-root-of-time. The rate of drug release was linearly increased with square-root-of-time under the electric field strength of 1 V. This result indicates that the drug release mechanism is diffusion controlled. In addition, the presence of polypyrrole helps transporting SSA through the matrices. Here polypyrrole releases drug in response to electrical signal. Polypyrrole chains are expanded when the matrices are under electric field, and free space in the PPy chains is generated; thus, electric field pushes the ionic drug out by the electrostatic force. Sample-2 shows fast release of drug delivery initially and after 3 hours reaches equilibrium values. This is due to the interaction of drug with polypyrrole. The drug molecules diffuse out of the matrices through the concentration gradient effect in the absence of electric field. These results can be compared with the drugdoped (aloin) conductive/hydrogel system poly(p-phenylene vinylene)/polyacrylamide (PPV/PAAM) in the absence of an electric field. The diffusion of aloin from the aloin-doped PPV/PAAM hydrogel was delayed in the first 3-14 h. This is due to the ionic interaction between the anionic drug and PPV. After 14 h, aloin could continuously diffuse into the buffer solution through the PAAM matrix [27] . Therefore, these types of matrices cannot be used for the treatment of illness in an emergency care.
Drug release kinetics was determined from RC/ -Fe 2 O 3 /PPySSA matrices (2.45 cm × 0.6 cm with a thickness of 67-70 m) under AC magnetic field using zero order, first order, and Higuchi, while the mechanism of drug release was determined using Korsmeyer-Peppas model. For zero order, first order, and Higuchi model, the correlation coefficient ( 2 ) was graphically determined and used to predict the kinetics of drug release from the matrices (Figure 7 ). According to the plots given in Figure 7 , the matrices show square-rootof-time dependent release kinetics as the plot of cumulative % drug release versus √ (h) has the highest value of 2 . The heat produced locally by magnetic particles under alternating current (AC) magnetic field loosens the polymer (polypyrrole) chain surrounding the particles. As a result, the drugs attached to the polypyrrole chain come out to the release medium. In addition, gamma ferric oxide nanoparticles have magnetic properties because of the presence of aligned unpaired electron spins. Their moments align with the direction of the magnetic field while being placed under magnetic field. As a result, it enhances magnetic flux and the rate of drug release [9] .
Conclusion
In this study, regenerated cellulose/ -ferric oxide/polypyrrole matrices were prepared to study the drug release mechanism of the drug under electric and magnetic fields. Under applied electric field, the diffusion coefficient of the drug from the matrices increases with increasing applied electric field strength due to the electrostatic force from electrical potential driving the charged drug to the oppositely charged electrode. In addition, polypyrrole chains are expanded when the matrices are under electric field, and free space in the PPy chains is generated; thus, electric field pushes the ionic drug out by the electrostatic force. The matrices under electric field show initial fast release of drug delivery due to some loosely held drug and later linearly increase with square-rootof-time. The drug release rate can be controlled by applying electric potential and polypyrrole coating on the RC/ -Fe 2 O 3 matrices. While considering electrochemical drug delivery, the supply of actuating energy requires either implantation of a battery or electrical leads that cause discomfort to the patient's skin. In this study, these problems were solved as the drug-doped matrices were actuated magnetically. In addition, the matrices under magnetic field showed the same behavior of drug release kinetics as the matrices under the electrochemical potential. Further, the matrices showed fast release of drug; that is, more than 60% of the loaded drug was released within 1 h, which is required for the treatment of illness in an emergency care.
